Introduction
============

Nilotinib is a second-generation tyrosine kinase inhibitor (TKI) that has been shown to be highly efficacious as a first- or second-line treatment for patients with Philadelphia chromosome-positive chronic myeloid leukemia (CML) in chronic phase. In patients newly diagnosed with CML in chronic phase superior rates of deep molecular response (DMR) were achieved with nilotinib in comparison with imatinib, which is a first-generation TKI currently used as the standard treatment for this disease.^[@b1-1031835]--[@b3-1031835]^ In addition, switching to nilotinib after a minimum of 2 years on imatinib led to increased DMR rates compared to remaining on imatinib.^[@b4-1031835]^

Recently, treatment-free remission (TFR) has been proposed as a goal for CML treatment.^[@b5-1031835]--[@b7-1031835]^ Indeed, prospective trials have indicated that imatinib therapy can be successfully discontinued in CML patients who have maintained a DMR for at least 2 years.^[@b8-1031835]--[@b10-1031835]^ In these prospective trials, the TFR rate was 43% \[95% confidence interval (CI): 33--52%\] at 6 months^[@b9-1031835]^ and 41% (95% CI: 29--52%) at 12 months in the STIM1 trial,^[@b8-1031835]^ while the TWISTER study revealed a TFR rate of 47.1% (95% CI: 31.5--62.7%) at 24 months.^[@b10-1031835]^ Moreover, the first TFR study of second-generation TKI, the DADI trial reported by Imagawa *et al.*, showed that second-generation TKI therapy can be successfully discontinued.^[@b11-1031835]^ In this trial, all patients received dasatinib consolidation therapy for at least 1 year. The estimated TFR rate was 49% (95% CI: 36--61%) at 6 months.^[@b11-1031835]^ On the other hand, the ENESTfreedom study, which is a TFR study following frontline nilotinib treatment, required that all patients sustained DMR during the consolidation phase with nilotinib for 1 year. The TFR rate at 48 weeks was 51.6% (95% CI: 44.2--58.9%).^[@b12-1031835]^ Although the DMR in the consolidation phase with a second-generation TKI was sustained in both the DADI trial and the ENESTfreedom study, the TFR rate was not superior to those in the previously reported imatinib TFR studies.^[@b8-1031835]--[@b10-1031835]^ Most relapses occurred within 6 months of discontinuing second-generation TKI or imatinib therapy, and there was no disease progression in patients with molecular relapse after discontinuation.^[@b8-1031835]--[@b12-1031835]^ All patients who relapsed remained sensitive to TKI re-treatment in these TFR studies.^[@b8-1031835]--[@b12-1031835]^

Compared to imatinib, nilotinib may enable a greater proportion of patients with CML in chronic phase to achieve successful TFR if they receive nilotinib consolidation therapy for 2 years to sustain DMR; this is the same length of time required to achieve TFR in imatinib studies.^[@b8-1031835],[@b9-1031835]^ The aim of this STAT2 trial (Stop Tasigna^®^ Trial) was to evaluate the efficacy of 2-year consolidation treatment with nilotinib for achieving successful TFR in patients with chronic phase CML.

Methods
=======

Patients and study design
-------------------------

The eligibility criteria for this multicenter, phase II, single-treatment arm, open-label clinical trial included: patients with CML in chronic phase, age ≥16 years, an Eastern Cooperative Oncology Group performance status of 0--2, and no severe primary organ dysfunction. Patients who had accelerated phase or blast crisis CML, a T315I mutation, or who had received allogeneic hematopoietic stem-cell transplantation were excluded from this study. Patients with a DMR (*BCR-ABL1^IS^* ≤0.0032% or a molecular response, MR^4.5^, defined as a 4.5-log reduction in *BCR-ABL1* transcripts according to the international scale\], assessed by real-time quantitative polymerase chain reaction (RQ-PCR), under treatment with imatinib or a second-generation TKI following imatinib were eligible for the STAT2 trial. Nilotinib (300 mg) was administered twice daily (600 mg/day) for 2 years in the consolidation phase. Patients who maintained a MR^4.5^ during the 2-year consolidation phase were eligible to enter the TFR phase and cease nilotinib treatment. Molecular recurrence was defined as the loss of a major molecular response (MMR: *BCR-ABL1^IS^* ≤0.1%) or confirmed loss of MR^4.5^ (at two consecutive assessments within 4 weeks) after discontinuing nilotinib, based on criteria used both in the STIM1 trial^[@b8-1031835]^ and the TWISTER study.^[@b9-1031835]^ Patients with molecular recurrence during the TFR phase restarted nilotinib 300 mg twice daily, thus entering the re-treatment phase.

Endpoints and assessments
-------------------------

The primary endpoint of the STAT2 trial was the 12-month TFR rate after discontinuing nilotinib treatment; secondary endpoints were the 24-month TFR rate after discontinuing nilotinib treatment, the 3-year treatment-free survival, and the MR^4.5^ rate and time to MR^4.5^ achieved by nilotinib in the re-treatment phase. Safety profiles, especially vascular adverse events in the consolidation phase or symptoms related to TKI withdrawal syndrome in the TFR phase, were evaluated. Adverse events were assessed according to the Common Terminology Criteria for Adverse Events (CTCAE) version 4.03.

MR was evaluated by *BCR-ABL1^IS^* RQ-PCR analysis upon study entry and every 3 months thereafter in the consolidation phase. After discontinuing nilotinib in the TFR phase, molecular recurrence was monitored by monthly *BCR-ABL1^IS^* RQ-PCR testing in the first year, bi-monthly testing in the second year, then every 3 months thereafter. In the re-treatment phase, *BCR-ABL1^IS^* was monitored by monthly RQ-PCR testing. The study protocol was terminated when MR^4.5^ was re-achieved, or when *BCR-ABL1^IS^* increased twice consecutively in the re-treatment phase.

*BCR-ABL1^IS^* RQ-PCR was performed using a Molecular MD One-Step qRT-PCR *BCR-ABL* kit (BML Inc., Kawagoe, Japan). To validate *BCR-ABL1* amplification, *ABL1* was used as an internal control. A MMR was defined as a 3-log reduction in the *BCR-ABL1* transcript according to the international scale (*BCR-ABL1^IS^* ≤0.1%), MR^4.5^ was defined as a 4.5-log reduction in the *BCR-ABL1* transcript (*BCR-ABL1^IS^* ≤0.0032%), and MR^5^ was defined as a 5-log reduction in the *BCR-ABL1* transcript *(BCR-ABL1^IS^* ≤0.001%), as described above. Undetectable molecular residual disease was defined as undetectable *BCR-ABL1* transcript with MR^5^ (UMRD with MR^5^). At least 100,000 control genes (*ABL1*) were required for a sample to be considered as adequate.

Ethics
------

Forty-six institutions participated in this study. The study was conducted in accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from each par ticipant before enrollment. The study was approved by the Ethics Committee of Akita University (N. 786) and by all institutional ethic committees that participated in this study. The study was registered with UMIN-CTR (UMIN000005904).

Results
=======

Patients and treatment
----------------------

Between July 2011 and December 2012, 96 patients who achieved MR^4.5^ were enrolled in the STAT2 trial. These patients started treatment in the consolidation phase and were defined as the safety analysis set. Seventy-eight patients entered the TFR phase and were analyzed as the full analysis set for TFR. The baseline demographics of the safety and full analysis sets are shown in [Table 1](#t1-1031835){ref-type="table"}.

###### 

Baseline demographics of all patients included in the study.

![](1031835.tab1)

The median age in the safety analysis set was 55.5 years (range, 20--83). Thirty-six (37.5%) patients were female and 16 (16.7%) patients had been administered interferon α before TKI treatment. Based on TKI therapy prior to entry into the current study, patients were classified into three groups: 50 patients (52.1%) who had received only imatinib ('imatinib only'), 40 patients (41.7%) who had received nilotinib following imatinib ('nilotinib following imatinib', including patients from the STAT1 study), and six patients (6.3%) who had received other therapy ('other'). The STAT1 study (Switch to Tasigna^®^ Trial) is a clinical trial to evaluate the efficacy of 2-year consolidation treatment with nilotinib for achieving DMR in chronic phase CML patients with MMR, recently reported by our study group.^[@b13-1031835]^ Among 40 patients in STAT2 treated by nilotinib following imatinib, 21 patients joined this study from STAT1 since they achieved MR^4.5^ in the STAT1 study. The reasons for switching from imatinib to nilotinib in the 40 patients included imatinib resistance in 7.5%, imatinib intolerance in 20.0%, and upon patients' request in 72.5% (*Online Supplementary Table S1*). The median duration of imatinib or nilotinib treatment was 73.6 months (range, 11--126) or 7.7 months (range, 0--35), respectively. All patients showed MR^4.5^ at the time of entry into the study, and the median time to MR^4.5^ on TKI therapy was 48.1 months (range, 6--128). Among 96 patients in the safety analysis set, 70 (73.7%) achieved the MR^4.5^ by prior imatinib treatment and 25 (26.3%) by prior nilotinib treatment. Comparing patients in different subgroups based on prior TKI therapy ('imatinib only' *versus* 'nilotinib following imatinib'), there were no significant differences except in the duration of imatinib therapy and time to MR^4.5^ (*Online Supplementary Table S1*). Of these, 40 patients in the 'imatinib only' group, 33 patients in the 'nilotinib following imatinib' group, and five patients in the 'other' group entered the TFR phase.

Nilotinib was taken twice daily (600 mg/day) for 2 years in the consolidation phase (median dose intensity, 600 mg/day). Patients' outcomes at the end of the consolidation phase at 24 months are summarized in [Table 2](#t2-1031835){ref-type="table"}. Among the 96 patients in the safety analysis set, 18 (18.8%) discontinued the study treatment. The most frequent reason for discontinuation was adverse events; disease progression was not observed in any of the patients.

###### 

Patients' outcomes and dose intensity at the end of the 2-year nilotinib consolidation phase.
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Treatment-free remission after nilotinib discontinuation
--------------------------------------------------------

Among the 96 patients in the safety analysis set, 78 with sustained MR^4.5^ during the consolidation phase were eligible for nilotinib discontinuation in the TFR phase. The median follow-up of patients in the TFR phase was 35.4 months (range, 1.8--44.2). Among the 78 patients, 53 remained in the TFR phase without a confirmed loss of MR^4.5^ in the first 12 months; the 12-month TFR primary endpoint was 67.9% (95% CI: 56.4--78.1%), exceeding the targeted 40% success rate. The 24-month TFR rate was 62.8% (95% CI: 51.1--73.5%). The Kaplan-Meier curve for treatment-free survival is shown in [Figure 1A](#f1-1031835){ref-type="fig"}. The estimated 3-year treatment-free survival was 62.8%. Among patients with a confirmed loss of MR^4.5^, 25 patients lost the MR^4.5^ within the first 6 months after discontinuing nilotinib (median, 3.4 months; range, 1.8--5.8 months), and the remaining four patients lost the MR^4.5^ between 16 and 20 months within the TFR phase ([Figure 1B](#f1-1031835){ref-type="fig"}).

![Treatment-free remission after 2-year consolidation with nilotinib. (A) Kaplan-Meier estimates of treatment-free survival after discontinuation of nilotinib (n=78). (B) The kinetics of *BCR-ABL1* transcripts in the treatment-free remission (TFR) phase. Twenty-five patients lost MR^4.5^ within 12 months and eight patients showed fluctuations in the amounts of *BCR-ABL1* transcript around the MR^4.5^ level. Among the eight patients with fluctuations, four lost MR^4.5^ after 16, 16, 17, and 20 months. (C) Kaplan-Meier estimates of treatment-free survival after discontinuation of nilotinib according to the molecular response \[molecular residual disease (MRD) positive or undetectable MRD (UMRD with MR^5^)\] at enrollment in the TFR phase. UMRD with MR^5^ was defined as undetectable *BCR-ABL1* transcripts by IS-PCR in which at least 100,000 control genes (*ABL1*) were required for the sensitivity of MR^5^. (D) Cumulative incidence of MR^4.5^ in patients who lost MR^4.5^ during the TFR phase and were subsequently readministered nilotinib (n=29). (E) Cumulative incidence of reacquisition of major molecular response (MMR) in patients who lost MMR and were readministered nilotinib (n=16).](1031835.fig1){#f1-1031835}

In a subanalysis of groups based on prior TKI before entry into the STAT2 trial, the 12-month TFR rate was 62.5% (95% CI: 45.8--77.3%) in the 'imatinib only' group and 69.7% (95% CI: 51.3--84.4%) in the 'nilotinib following imatinib' group. In another subanalysis based on positivity of molecular residual disease (MRD) before the TFR phase, the 12-month TFR rate was 56.8% (95% CI: 39.5--72.9%) in the MRD group and 78.0% (95% CI: 62.4--89.4%) in the UMRD with MR^5^ group; the corresponding 24-month TFR rates were 48.6% (95% CI: 31.9--65.6%) and 75.6% (95% CI: 59.7--87.6%).

An analysis of baseline factors as predictors of TFR at 12 months was conducted. With the exception of detectable MRD before entering the TFR phase (odds ratio, 0.369; 95% CI: 0.138--0.988; *P*=0.0473), there were no significant predictors in the univariate logistic regression analysis, including the absolute number of natural killer cells and natural killer cell cytotoxicity ([Table 3](#t3-1031835){ref-type="table"}). Multivariate analysis was not, therefore, performed. On the other hand, the treatment-free survival curve was significantly better in the UMRD with MR^5^ group than in the MRD group (estimated 3-year treatment-free survival, 75.6 *versus* 48.6%; *P*=0.0126 by the log-rank test) ([Figure 1C](#f1-1031835){ref-type="fig"}). There were no significant differences in the treatment-free survival curves between subgroups based on TKI treatment prior to the consolidation phase by nilotinib ('imatinib only' *versus* 'nilotinib following imatinib' group, *P*=0.9508 by the log-rank test), presence of TKI withdrawal syndrome (*P*=0.4096 by the log-rank test), or absolute number of natural killer cells (≥ median *versus* \< median, *P*=0.4527 by the log-rank test).

###### 

Univariate analysis of predictive factors for treatment-free remission at 12 months.
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Response to nilotinib treatment re-initiation
---------------------------------------------

Nilotinib was readministered to all 29 patients with a molecular recurrence during the TFR phase. After recommencing treatment, MR^4.5^ rapidly returned in 25 patients (86.2%), with 50% of patients achieving MR^4.5^ within 3.5 months ([Figure 1D](#f1-1031835){ref-type="fig"}). Four out of 29 patients discontinued treatment: one patient discontinued at 1 month because of a nilotinib-associated rash, one at 2.5 months following the patient's request, and two at 10 and 11 months because of increasing *BCR-ABL1^IS^*. Despite discontinuation of the study, all patients, including the two patients with increasing *BCR-ABL1^IS^* during the re-treatment phase, achieved DMR. The clinical course details of these four patients are shown in *Online Supplementary Figure S1*. Among 29 patients with a molecular recurrence, 16 had lost their MMR at the first or second assessment of *BCR-ABL1^IS^* using RQ-PCR during the TFR phase. After starting treatment again, a MMR rapidly returned in all 16 patients (100%) in 3 months and 50% of patients achieved the MMR within 2 months ([Figure 1E](#f1-1031835){ref-type="fig"}).

Safety, vascular adverse events, and tyrosine kinase inhibitor withdrawal syndrome
----------------------------------------------------------------------------------

No patients progressed to accelerated phase or blast crisis CML, or died during this study. Adverse events (all grades) were reported in 55 patients (57.3%) in the safety analysis set in the consolidation phase, and 30 patients (38.7%) in the full analysis set in the TFR phase; the incidence of grade 3/4 adverse events was 14.6%, and 2.6% in the safety analysis set and full analysis set, respectively (*Online Supplementary Table S2*).

Vascular adverse events of any grade were reported in six patients (6.2%) during the nilotinib consolidation phase ([Table 4](#t4-1031835){ref-type="table"}). Ischemic heart disease (acute coronary syndrome or angina pectoris) was reported in three patients and cerebral infarctions in three patients, but peripheral arterial occlusive disease was not reported in any patient. Among the six patients with vascular adverse events, four had at least one traditional risk factor for such events (e.g., hypertension, hyperlipidemia, diabetes mellitus, smoking, or chronic kidney disease). Percutaneous intervention was performed in three patients with ischemic heart disease. All patients, except one, with vascular adverse events recovered or improved. Although three patients with vascular adverse events stopped nilotinib treatment and switched to another TKI, three patients continued the study treatment and entered the TFR phase, eventually achieving successful TFR. No patients developed new vascular adverse events during the TFR phase.

###### 

Treatment-related vascular adverse events in the consolidation phase.
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Arthralgia was reported only in the TFR phase (*Online Supplementary Table S2*). Eleven patients reported musculoskeletal pain events during the early phase of the TFR; these events were categorized as TKI withdrawal syndrome. The characteristics of the patients with TKI withdrawal syndrome are described in [Table 5](#t5-1031835){ref-type="table"}. The median time of onset of the TKI withdrawal syndrome in the TFR phase was 1 month (range, 0--6). All patients recovered completely with or without treatment. Of the 11 patients with the syndrome, eight (73%) maintained TFR at 12 months and remained in remission throughout the 36-month follow-up period. There were no significant differences in the TFR survival curves between subgroups based on TKI withdrawal syndrome.

###### 

Tyrosine kinase inhibitor withdrawal syndrome in the treatment-free remission phase.
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Discussion
==========

The design of the STAT2 trial resembled that of the STIM1^[@b8-1031835],[@b9-1031835]^ and TWISTER trials,^[@b10-1031835]^ with the aim of administering a TKI during a 2-year consolidation phase to obtain a sustained DMR before TKI discontinuation. In this trial, in contrast to the aforementioned studies, imatinib was replaced with nilotinib as the consolidation TKI therapy. However, the assessment of *BCR-ABL1* and the definition of molecular recurrence in this trial are identical to those in the aforementioned studies.^[@b8-1031835]--[@b10-1031835]^ Nilotinib was administered instead of imatinib because previous studies had indicated that nilotinib could induce DMR in a greater number of patients than imatinib,^[@b1-1031835]--[@b3-1031835]^ thereby potentially increasing the number of patients who achieve successful TFR. The 2-year period of consolidation therapy in this study was selected as the STIM1^[@b8-1031835],[@b9-1031835]^ and TWISTER^[@b10-1031835]^ trials required 2 years of sustained DMR before stopping imatinib therapy. Additionally, our retrospective study revealed that a DMR duration of at least 2 years was a significant predictive factor for successful TFR in Japanese CML patients.^[@b14-1031835]^ Therefore, the treatment duration for this trial involved a consolidation phase of 2 years, and sustained DMR without loss of MR^4.5^ was confirmed by regular *BCR-ABL1^IS^* RQ-PCR testing for 2 years.

Among 78 patients who entered the TFR phase, 53 remained in TFR in the first 12 months; the 12-month TFR primary endpoint was, therefore, 67.9% (95% CI: 56.4--78.1%). Although the TFR rate is higher than that in the STIM1 trial (41%; 95% CI: 29--52%), it is difficult to compare this result with those in other TFR studies with varying designs. Among 29 patients with a molecular recurrence, MR^4.5^ was rapidly regained in 25 patients who were readministered nilotinib, and no patients progressed to accelerated phase or blast crisis CML in this study. Thus, our findings suggest that nilotinib therapy may allow the majority of patients to achieve successful TFR after discontinuation of nilotinib; this result is comparable to those of previous TFR studies with imatinib.^[@b8-1031835]--[@b10-1031835]^

In this study, the identified predictive factor for successful 12-month TFR was UMRD with MR^5^ before discontinuation of nilotinib. In the EURO-SKI trial, there were no differences in MMR status at 6 months after treatment stop between depths of molecular response (MR^4.5^ *versus* no MR^4.5^).^[@b15-1031835]^ However, our finding suggests that a deeper MR favors successful achievement of TFR in CML patients, which is consistent with data from previous studies.^[@b16-1031835],[@b17-1031835]^ Among four patients without TFR in the late TFR phase, in whom MR^4.5^ loss occurred at 16, 16, 17, and 20 months, three patients had MRD before entering the TFR phase. It is difficult to determine the quantity of *BCR-ABL1* mRNA below MR^4.5^/MR^5^ because of the sensitivity of IS-RQ-PCR.^[@b18-1031835]^ However, UMRD with MR^5^ before TFR is one of the minimum requirements for TFR and the sustained duration of DMR might be a surrogate marker for the magnitude of the MR or the eradication of MRD during TKI treatment.^[@b19-1031835],[@b20-1031835]^ Meanwhile, 1-year consolidation with either dasatinib or nilotinib, which are both second-generation TKI, was proposed in the DADI trial^[@b11-1031835]^ and the ENEStop study,^[@b21-1031835]^ respectively. Although the 1-year consolidation enabled identification of enrolled patients who had sustained MR^4.5^ and were eligible to stop treatment,^[@b21-1031835]^ it is still unknown whether 1 year of consolidation with a second-generation TKI is sufficient to achieve DMR/UMRD below MR^4.5^/MR^5^ for TFR.

Of the 96 patients in the safety analysis set, 78 achieved a sustained MR^4.5^ on nilotinib consolidation and entered the TFR phase, including 33 patients (42.3%) who were treated with nilotinib following imatinib prior to enrollment in STAT2. Most patients (n=29, 72.5%) were switched from imatinib to nilotinib at the patients' request prior to the trial, primarily to obtain a deeper and more sustained MR, despite not having imatinib resistance or intolerance. Similarly, the ENESTcmr study showed that a significant minority of patients who continued with imatinib therapy did later achieve DMR.^[@b4-1031835]^ In the subanalysis evaluating prior TKI exposure, the 12-month TFR was almost identical between patients treated with only imatinib (62.5%) and those treated with nilotinib following imatinib (69.7%). This suggests that, regardless of the specific TKI, DMR is the first step for achieving successful TFR in patients with CML.

The proportion of natural killer cells in peripheral blood has been reported as a predictive marker, which might be related to a previously reported immuno-oncological effect.^[@b22-1031835],[@b23-1031835]^ However, it was beyond the remit of this trial to identify the significance of either the activity or the proportion or natural killer cells in peripheral blood.

TKI withdrawal syndrome is the most common musculoskeletal pain-related adverse event in imatinib TFR studies, being first reported in the EURO-SKI trial.^[@b24-1031835]^ TKI withdrawal syndrome was detected in 11 patients in the TFR phase in this study. Rousselot *et al.* suggested that prolonged inhibition of c-Kit signaling by imatinib may modulate nociceptive sensitivity, and that the sudden discontinuation of imatinib may reverse this phenomenon.^[@b25-1031835]^ As nilotinib targets the same tyrosine kinases as imatinib, including BCR-ABL kinase and c-Kit, albeit with differing potencies, nilotinib may also result in TKI withdrawal syndrome via the same mechanisms. Although TKI withdrawal syndrome was reported as an independent predictive factor for successful TFR by a Korean group,^[@b26-1031835]^ there was no significant relationship between TKI withdrawal syndrome and TFR identified in this nilotinib TFR study. However, because of the limited number of events during the TFR phase, univariate analysis is definitely limited in identifying a significant relationship between TKI withdrawal syndrome and TFR. Further examination with larger numbers of patients will be necessary to identify biomarkers for successful TFR.

Although the safety of nilotinib is generally regarded as being acceptable, vascular adverse events are an important concern in nilotinib therapy. The frequency of such events in this study was similar to the frequency in the nilotinib 300 mg twice daily arm in the ENESTnd trial.^[@b3-1031835]^ The incidence of vascular adverse events in patients treated with nilotinib 300 mg twice daily was estimated to be 2.8 per 100 patient-years in a meta-analysis.^[@b27-1031835]^ In the STAT2 trial, all patients with vascular adverse events, except one, either recovered or improved with intervention or supportive care after nilotinib discontinuation. Moreover, three patients achieved TFR after the occurrence of vascular adverse events during the TFR phase of STAT2. Since four of the six patients had at least one traditional risk factor for vascular adverse events, patients should be carefully screened for risk factors prior to nilotinib administration, with appropriate treatment or supportive care of comorbidities to avoid the development of vascular adverse events. After considering the risk of vascular adverse events in patients given consolidation with nilotinib, we conclude that this therapeutic agent can be safely administered to achieve a successful TFR in CML patients.

In conclusion, although previous evidence regarding TFR after discontinuation of second-line nilotinib therapy is limited, our study suggests that a 2-year consolidation period of nilotinib therapy can safely induce higher TFR rates in patients with MR^4.5^. Thus, 2-year consolidation therapy with this agent may be an effective strategy for achieving TFR in large numbers of CML patients.
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